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We report on a study of the structural and magnetic properties of strained Ho2Ti2O7 thin films.
Structural characterization via lab-based and synchrotron x-ray diffraction confirms the epitaxial
growth of our films and shows a critical thickness slightly below 50 nm. Neutron scattering maps
of our films show a Q = 0 structure indicating that the spin ice physics is preserved in the films.
Magnetization measurements with a field applied in the film plane confirm this and show markedly
linear behavior in the χT vs. 1/T curve for 2 K ≤ T ≤ 5 K similar to that previously observed
by others in single crystals. Furthermore, for fields applied along the [111] direction, out of the
film plane, we observe a more parabolic behavior, which is treated as two linear regions with an
interesting slope change around 3 K that could be a signature of the transition to the paramagnetic
“hot” phase reported by others in single crystals. From the linear regions we extract the value
for nearest neighbor superexchange interactions (JS) between the Ho ions. We find similar values
compared to reported bulk values for the interaction strength, again signaling the preservation of
spin ice physics in strained thin films.
I. INTRODUCTION
The quest for novel quantum phases that show collec-
tive degrees of freedom and fractionalized excitations is
one of the central themes in condensed matter physics.
There has been a strong focus recently on geometri-
cally frustrated magnets, which have been shown to
host a number of cooperative spin states1, such as spin
ice and spin liquid states, in which fractionalized exci-
tations (topological defects that behave like magnetic
monopoles) have been experimentally realized2–5. Of
particular interest are rare earth pyrochlores that belong
to the spin ice family, such as Ho2Ti2O7, which display
severe frustration that arises from a combination of the
lattice geometry, and the sign of the nearest neighbor
magnetic interactions resulting in local ice rules, and a
macroscopically degenerate ground state. One important
factor determining the ground state selection in these sys-
tems is the single ion anisotropy6,7.
Ho2Ti2O7 has a cubic structure (Fd3¯m space group)
and can be enivisioned as Ho3+ ions (each with a mag-
netic moment of ∼10 µB) residing on a lattice of cor-
nersharing tetrahedra (see Fig. 1a)8. In Ho2Ti2O7 the
crystal field doublet ground state results in an Ising-like
easy axis anisotropy (see Fig. 1b) with all the spins point-
ing along the local < 111 > axes, i.e. either in or out of
the tetrahedra8. If the system were dominated by anti-
ferromagnetic nearest neighbor exchange interactions it
would tend to long ranged order with an all-in/all-out
spin configuration on the tetrahedra. In fact, several the-
oretical and experimental studies have mostly found an-
tiferromagnetic exchange on a geometrically frustrating
lattices; however, a surprising discovery of strong frus-
tration in Ho2Ti2O7, a ferromagnetic pyrochlore
9, has
challenged our understanding of cooperative magnetism
phenomena. The absence of long range magnetic order-
ing down to 50 mK in a Ho2Ti2O7 bulk crystal
9,10, was
confirmed by muon spin relaxation (µSR) and neutron-
scattering experiments, but the Curie-Weiss temperature
θCW was estimated to be around 2 K.
9–12 Furthermore,
the measurement of the electronic component of mag-
netic heat capacity13 has also revealed a broad magnetic
peak at around 1.9 K, indicating the build-up of magnetic
correlations and removal of magnetic entropy as the sys-
tem is cooled. Apart from some local spin dynamics14
this leads to the spins freezing into a state analogous to
ice15,16, a two-in/two-out configuration on the tetrahedra
below T = 0.65 K17 while retaining the nonzero Pauling
entropy, S0 ≈ (R/2)ln(3/2), a key thermodynamic char-
acteristic of frustration and the spin ice state.12,13,15
As described in19, it is the competition between clas-
sical nearest neighbor dipolar interactions (which we call
JD) and nearest neighbor quantum superexchange inter-
actions (which we call JS , in line with ref.
20) that de-
termines the degree of order (or frustration) in the ma-
terial. As reported by others, a pyrochlore material is a
spin ice when Jnn/Dnn > -0.91 and reverts to an unfrus-
trated ordered antiferromagnetic state for Jnn/Dnn <-
0.91 (Ho2Ti2O7, Jnn/Dnn = -0.27, Dy2Ti2O7 Jnn/Dnn
= -0.49)19,21,22. Note, Jnn = JS and Dnn = JD. Re-
ports on chemical and hydrostatic pressure studies indi-
cate that the magnetic properties (the nearest neighbor
exchange interaction in particular) and monopole den-
sity in pyrochlore single crystals21–23 can be tuned via
structural means. Epitaxial strain is usually biaxial and
is fundamentally different from hydrostatic and chemi-
cal pressure. Therefore, it can be used to lower the lo-
cal symmetry and to apply an effective transverse field,
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2Figure 1: (Color online) a) Corner sharing tetrahedral
network of Ho atoms in Ho2Ti2O7 pyrochlore structure
showing a two-in and two-out magnetic configuration.
The α and β chains are indicated in blue and red along
with their respective crystallographic directions (similar
to ref.18). b) Anisotropic crystal field around Ho atom
leading to two inequivalent oxygen sites (O1 in a ring
around the Ho and O2 as two apical oxygen atoms
along the <111>) and strong axial symmetry along
<111>local axis. (blue atoms: Ho; green atoms: Ti; red
atoms: O)
which should either push the system to a more ordered
state or, as predicted in ref.24, it will introduce quantum
fluctuations in this otherwise classical system.
In this paper we present structural and magnetic char-
acterization of a thickness series of high quality epitaxial
thin films of Ho2Ti2O7 grown on (111) yttria-stabilized-
zirconia (YSZ) substrates. As we will show below, neu-
tron scattering experiments and magnetization measure-
ments confirm that spin ice physics is preserved in co-
herently strained thin films. Furthermore, the magneti-
zation measurements show values of JS consistent with
expectations for Ho2Ti2O7 thin films following the model
presented in ref.20 with possible signatures signaling a
crossover to a “hot” paramagnetic phase14.
II. EXPERIMENTAL DETAILS
Ho2Ti2O7 epitaxial thin films were grown on (111) YSZ
substrates using pulsed laser deposition (PLD). The laser
(KrF excimer, λ = 248 nm) pulses were focused onto a
rotating polycrystalline Ho2Ti2O7 stoichiometric target
with an energy density of ∼ 0.5 J/cm2 and repetition
rate of 4 Hz. The films were grown at an average growth
rate of about 0.030 nm/sec in a vacuum system with a
base pressure of 1×10-7 Torr in a 100 mTorr oxygen back-
ground pressure while the substrate was kept at a temper-
ature of 800 ◦C. After deposition, the films were cooled
to room temperature at a rate of 10 ◦C/min in the same
background pressure of oxygen. Atomic force microscopy
using an Asylum MFP-3D system25 operated in tapping
mode was done on the substrate before growth and on the
films after growth (see Supplemental Material26). After
growth the surface morphology of the films show the film
Figure 2: (Color online) a) Synchrotron XRD
θ − 2θ-scans for films ranging in thickness from 5 - 56
nm grown on YSZ substrates showing the (111), (222)
and (333) substrate peaks and the (222), (444) and
(666) film peaks. b) Extracted d-spacing along the [111]
crystallographic direction as a function of film thickness
for the same Ho2Ti2O7 films shown. The line is a guide
to the eye and the d-spacing for bulk is indicated with
the red line. c) HAADF-STEM image of the Ho2Ti2O7
/ YSZ interface scanned along the [111] direction with
the [1-10] as the zonal axis. The scale bar is 5 nm and
the line indicates the location of the interface with
Ho2Ti2O7 at the top and YSZ at the bottom of the
image.
surfaces to be flat and smooth, with a fine grainy struc-
ture and a root mean square roughness ∼ 1 nm consistent
with results reported by others.27 Film thicknesses were
determined via x-ray reflectivity measurements by fitting
the thickness fringes28 (see Supplemental Material26).
The structural characterization of films with vari-
ous thicknesses were performed using synchrotron x-ray
diffraction at beam line 7-2 of the Stanford Synchrotron
Radiation Lightsource (SSRL) (Fig. 2 a)). Recipro-
cal space maps were performed using a lab-based x-ray
diffractometer at the Stanford Nano Shared Facilities
at Stanford University. Neutron diffraction experiments
were performed at the National Institute of Standards
and Technology Center for Neutron Research (NCNR) at
the Multi Axis Crystal Spectrometer (MACS)29 and the
Spin Polarized Inelastic Neutron Spectrometer (SPINS)
beamlines. Elastic measurements on MACS were made
at a fixed neutron energy of 5 meV in double focusing
mode with two cooled Be filters to eliminate higher or-
der contamination to the beam. SPINS data was col-
3lected at a fixed neutron energy of 5 meV in flat analyzer
mode using a 3He point detector with dual cooled Be
filters at a collimation of 80’-s-80’. MACS and SPINS
data reduction were performed using the DAVE software
package30. Transmission Electron Microscopy (TEM)
experiments were performed using a JEM-ARM200cF
transmission electron microscope25. The investigated
sample was prepared with a Gatan Precision Ion Pol-
ishing System (PIPS)25. Magnetization measurements
in an applied field of H = 0.1 T as a function of tem-
perature and as a function of field at fixed temperature
were performed in a Quantum Design magnetic proper-
ties measurement system (MPMS)25.
III. RESULTS AND DISCUSSION
The results of the structural characterization done at
SSRL are presented in Fig. 2 a), which shows θ − 2θ
scans near the YSZ (111), (222), and (333) reflections
for Ho2Ti2O7 thin films of varying thickness between 5
and 56 nm. Prominent thickness fringes can be observed
on all the major film peaks, displaying the high struc-
tural quality and thickness uniformity of our films. Pre-
viously reported lattice parameter of bulk Ho2Ti2O7 is
10.1 A˚31,32 while the lattice parameter of YSZ is 5.15
A˚33,34, yielding a lattice mismatch of about 2% between
film and substrate (tensile strain) with one Ho2Ti2O7
unit cell fitting on a block of 2x2 YSZ unit cells. A trend
of decreasing 2θ position with increasing film thickness
can be observed for all film reflections, indicating an in-
crease of d-spacing with thickness. This trend is summa-
rized in Fig. 2 b) in which the extracted d-spacing along
the [111] crystallographic direction tends toward the bulk
value with increasing film thickness. The 5 nm film was
omitted in this analysis because of the larger uncertainty
in determining the peak positions for this film. Based
on the results in Fig. 2 b) the critical thickness of the
Ho2Ti2O7 grown on (111) YSZ is below 50 nm as the 49
nm film already shows a clear shift in d-spacing towards
the bulk value.
Reciprocal space maps around the (226) diffraction
peak of Ho2Ti2O7 for the 56 nm and for a 132 nm
Ho2Ti2O7 thin film are shown in the Supplemental
Material26. The 56 nm film is almost completely strained
as expected based on results presented in Fig. 2, with
the in-plane value of the scattering vector (q‖) match-
ing that of the substrate, with signs that the top layer
of the film is starting to relax. For the 132 nm film, a
strained interfacial layer is still visible, but it is clear that
a large portion of the film exhibits different in-plane val-
ues for the scattering vector than that of the substrate,
indicating that substantial relaxation has occurred. Us-
ing values of the out of plane scattering vector (q⊥) for
the substrate and the film, the d-spacing along the [111]
crystallographic direction for the 56 nm film has been
estimated to be around 5.822 A˚ which is in very good
agreement with Fig. 2 b). Fig. 2 c) shows a high-angle
annular dark field STEM (HAADF-STEM) image of the
film-substrate interface imaged along the (111) epitax-
ial direction and viewed from [11¯0] zonal axis. The im-
age shows a sharp interface and a structurally ordered
epitaxially grown Ho2Ti2O7 film. Selected area electron
diffraction (SAED) patterns of the Ho2Ti2O7 film and
of a region probing both the film and the substrate are
provided in the Supplemental Material26. We find bright
and well resolved diffraction spots as viewed from [11¯0]
zonal axis, indicating the absence of mosaicity, and good
crystallinity of the film.
A series of neutron scattering measurements have been
performed on Ho2Ti2O7 thin films with thicknesses rang-
ing from 40-500 nm using the MACS and SPINS instru-
ments at the NCNR. Figure 3 a) shows a scattering map
of the scattering intensity of the hhl plane of the 500 nm
film taken at T = 0.1 K on MACS after field cooling
the film in a 5 T field (applied along the [11¯0] direc-
tion) with data at 25 K and 0 field subtracted to more
clearly show the magnetic contribution. Schematic rep-
resentations of the scattering map and the corresponding
magnetic structure of the Ho2Ti2O7 unit cell are depicted
in Figs. 3 b) and c). The intensity near the (222¯) and
(222) positions is due to the (111¯) and (111) YSZ struc-
tural reflections respectively. The intensities at the (1¯1¯3¯),
(113¯), (111), and (1¯1¯1¯) positions are from the film and are
dramatically enhanced when a magnetic field is applied,
hence they are attributed to the magnetic order in the
bulk of the film associated with the polarized state. The
intensity at the (002) and (002¯) film positions only shows
up under applied field. Figures 3 d) and e) show cuts
along the (00L) direction through the (113¯) and (111)
reciprocal space positions integrated from (0.9 0.9 L) to
(1.1 1.1 L) at 100 mK at 0 T (red) and at 5 T (blue), with
the same 25 K and 0 T scans subtracted as background.
Figure 3 f) shows the same cut through the subtracted
(002¯) at 100 mK and 5 T. These illustrate the dramatic
magnetic enhancement at these reflections, as we see no
difference for the film nuclear peaks from 25 K to 0.1 K
in zero field (i.e. no peak), but see clear peaks when the
field is applied. The (002)-like reflections in particular
are not visible at all in the unmagnetized state, which is
consistent with the report in ref.35 that even for lightly
stuffed Ho2+δTi2−δO7−δ/2, i.e. powder samples with de-
viating stoichiometry, the material retains its Fd3¯m sym-
metry for which the (002) peak is structurally forbidden,
indicating that this peak has a magnetic origin.
With the field applied along the [11¯0] direction of the
Ho2Ti2O7, as described in
9, the spin system is separated
into two sets of chains, parallel to the field (α-chains),
and perpendicular to the field (β- chains) (see Figs. 1 a)
and 3 c)). The β chains can either be parallel or anti-
parallel to one another. The parallel case gives scattering
intensity at Q = 0 while the anti-parallel case, associated
with a symmetry lowering, will result in scattering inten-
sity at the Q = 0 and the Q = X positions (see Fig. 3 b)
and c)), with zone boundary peaks reportedly increasing
in intensity in applied fields18. The presence of only the
4Figure 3: (Color online) a) Map of the scattering intensity of the hhl plane of a 500 nm thick Ho2Ti2O7 sample
grown on (111) YSZ after field cooling the sample to T = 0.1 K in H = 5 T applied along the [1-10] direction
(in-plane) of the film. To obtain this map the scattering intensity at T = 25 K and H = 0 T was subtracted as
background. b) A representation of the reciprocal space map for the pyrochlore lattice. The full circles show the
positions of Bragg peaks for a Q = 0 (zone center) magnetic structure, while the open squares show the Q = X
positions (zone boundary)9. c) The Ho2Ti2O7 unit cell projected down the z-axis. The component of each spin that
is parallel to the z axis is designated by the + and - signs. The four tetrahedra that make up the unit cell appear as
the light green squares. The grey square in the middle is not a tetrahedron, but its diagonally opposite spins inhabit
the same lattice plane. The schematic depicts the Q = X magnetic structure (antiparallel β-chains (red) and
polarized α-chains (blue)). The large arrow along the [110] direction indicates the direction of the applied magnetic
field. Cuts taken along the (00L) direction through the d) (113¯) and e) (111) reciprocal space positions integrated
along (HH0) from (0.9 0.9 L) to (1.1 1.1 L) at 100 mK and 5 T (blue) for the data in (a) and for an equivalent data
set taken at 100 mK and 0 T (red). The zero field data set has the same 25 K and 0 T data set subtracted as
background. f) Cut taken along the (00L) direction through the (002¯) reciprocal space position integrated along
(HH0) from (-0.15 -0.15 L) to (0.15 0.15 L) for the background subtracted data set in (a). g) Integrated intensity of
the [111] magnetic film peak as a function of applied field at T = 100 mK for the 500 nm, 75 nm, and 40 nm thick
films normalized to the intensity at 2 T. (inset) Unnormalized data from 40 nm film to illustrate small intensity
increase with field.
(113), (111), and (002)-like film peaks, i.e., Q = 0, after
field cooling the film in a 5 T field, and the absence of
scattering at Q = X, could indicate that the 500 nm film
only shows parallel β-chains and polarized α-chains (see
Fig. 3 c)). Fig. 3 g) shows the scattering intensity of the
(111) film reflection as a function of applied field for films
of varying thickness taken on SPINS. The data is normal-
ized by the intensity measured at 2 T. The results indi-
cate that the films saturate into the high-polarized state
under applied fields and that lower saturation fields are
needed for the thinner films. Important to note is that
the appearance of the (002) is consistent with the Q = 0
magnetic structure as previously reported9,18,36.
Next we discuss our magnetization measurements
shown in Figs. 4 and 5. In Fig. 4 we show the sub-
strate corrected χT plotted as a function of 1T for a 150
nm, 100 nm, and 35 nm thick film. In panel a) the mea-
surement field of H = 0.1 T is applied in the plane of the
film along the [11¯0] direction. In panel b) χT vs. 1T is
shown for the same films and for a single crystal but now
with the field applied along the [111] direction (out of
the film plane). As shown before by Siddharthan et al.20
we use the high-temperature zero field susceptibility and
fluctuation-dissipation theorem to write the susceptibil-
ity in terms of the nearest neighbor dipolar interactions
(JD includes long-ranged dipolar interactions) and the
5nearest neighbor superexchange interaction JS .
χ(T ) =
C1
T
[1 +
C2
T
] (1a)
C1 =
N(gsµB)
2S2
3
(1b)
C2 =
6S2
4
(2.18JD + 2.67JS) (1c)
with N the number of lattice sites, gs the Lande´ factor,
µB the Bohr magneton, S = 2 the number of uncompen-
sated spins on the Ho3+ and JD = +2.35 K (taken from
ref.20).
In Fig. 4a) with the field applied in the plane of the
film we find a markedly linear region below T = 5 K.
From fitting this regime we find that JS = - 1.96(1) K
for all three films, in very close agreement with the value
reported for bulk20. For the measurements with the field
Figure 4: (Color online) a) χT (emu-K/g = Am2-K/kg)
plotted as a function of 1T for a 150, 100, and 35 nm
thick film with H = 0.1 T applied along the [11¯0]
direction. b) χT plotted as a function of 1T for a single
crystal and the 150, 100, and 35 nm thick film with H =
0.1 T applied along the [111] direction. The curves for
the thin films are corrected for substrate contributions.
The red lines are linear fits, which have been used to
extract values for JS , similar to the analysis used in
Siddharthan et al.20.
applied along the [111] direction of the crystal we find
a more parabolic response, we treat this as two rather
than one linear regime with the slope change occurring
around 3 K. Since the measurement with the field ap-
plied in the film plane did not show this behavior, it is
unlikely to be an artifact as the measurements with the
two field directions where performed on the exact same
samples in the same measurement system. Here we note,
neutron and ac susceptibility measurements reported in
ref.14 show evidence of a transition to a paramagnetic
“hot” phase at 4 K, the slope change could be related to
this crossover. We fit both these regimes and extracted
values for JS using the expression mentioned earlier. We
find JS = - 1.97(5) K and JS = - 1.99(3) K from the
low temperature and high temperature fits, respectively.
We compare the results of our thin films with that of a
single crystal for which we find JS =- 1.96(3) K and JS
=- 1.97(1) K for the low and high temperature regimes,
respectively. These results clearly indicate that the su-
perexchange interactions in the films are similar to the
interactions reported for bulk crystals, another indication
that the spin ice physics is preserved in the films.
Figure 5: (Color online) a) Magnetization plotted as a
function of applied field for a 150, 100, and 35 nm thick
film with H applied along the [11¯0] direction. b)
Magnetization plotted as a function of applied field for
a 150, 100, and 35 nm thick film with H applied along
the [111] direction. A measurement on a single crystal
is also shown for comparison. All measurements were
performed at T = 1.8 K. The curves for the thin films
are corrected for substrate contributions.
6Next, we investigate the anisotropy in the films by dis-
cussing the magnetization as a function of applied field
measured at 1.8 K in the paramagnetic state (see Fig. 5).
In panel a) the magnetization is shown for a field applied
along the [11¯0] direction. A saturation magnetization of
about 4.5 µB/Ho is observed for a 150, 100, and a 35 nm
thin film, a value in good agreement with observations
on single crystals12,37,38. The slight upward slope above
the saturation field of about 1 T is likely due to a slight
misalignment of the [11¯0] direction of the sample with
the field12,37,38.
For the magnetization measurement with the field ap-
plied along the [111] direction we show the results for
the same films as well as the results for a single crystal
for comparison. The single crystal clearly shows the ex-
pected development of a plateau and saturation magneti-
zation of about 5 µB/Ho in line with expectations
17,38,39.
The 150 nm thick films shows a similar saturation mag-
netization but a much more gradual field dependence and
no clear signs of a plateau. The 100 nm and the 35
nm films have a very similar shape to the magnetiza-
tion curve for the 150 nm film, but unexpectedly large
saturation magnetizations. Note, the in and out-of-plane
measurements were done on the same samples and in
the same measurement setup. The observed 6.4 µB/Ho
for these films is more in line with expected values for
fields applied along the [100] direction. It is important
to note that the measurements were performed with the
field aligned with the [111] direction within 2◦ accuracy.
So the observed difference in saturation magnetization
for the thinner films signals an altered anisotropy due to
imposed tensile strain. Still, our results are consistent
with the preservation of spin-ice physics in thin films of
Ho2Ti2O7
IV. CONCLUSIONS
We have grown high quality epitaxial thin films of the
pyrochlore titanate Ho2Ti2O7. The physical properties
of the films were compared to those of a single crystal.
The data clearly shows that our films retain important
properties associated with the spin-ice state. Neutron ex-
periments show a tendency of the saturation field to drop
as the film thickness is reduced. Our high temperature
magnetic analysis, from which we extracted the magnetic
interaction strength, confirms preservation of the spin ice
physics, but does not reveal a clear thickness trend in the
interaction strength. However, the field dependent study
signals a change in anisotropy for films with reduced film
thickness.
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1Supplemental Material: Probing Superexchange Interactions in Spin
Ice Ho2Ti2O7 Thin Films
Epitaxial thin films of Ho2Ti2O7 (HTO) have been grown on (111) yttria-stabilized zirconia (YSZ) substrates
through pulsed laser deposition. Figure S1 displays a schematic of the growth of HTO on (111)YSZ, showing how
the epitaxial strain changes the HTO unit cell. The HTO unit cell is stretched by 2% along the [11-2] and [1-10]
crystallographic directions to match the YSZ substrate, while the out of plane [111] plane spacing is compressed. Prior
to deposition the substrates were annealed at a temperature of 1050 ◦C and the surface morphology was characterized
through atomic force microscopy (AFM) with an Asylum MFP-3D system operated in tapping mode. Well defined
terraces were observed on the surface of the substrates before growth (see Figure S2(a)). After growth the surface
morphology of the films was characterized with AFM. AFM shows the film surfaces to be flat and smooth, with the
root-mean-square roughness found to be ∼ 1 nm for all films studied. The fine, grainy surface of our films observed
with AFM is consistent with the results reported in27. Figure S2(b) displays the AFM micrograph of a 70 nm
Ho2Ti2O7 thin film.
Figure S1: (a) Schematic of thin film growth of HTO on a YSZ substrate. A single unit cell of HTO fits onto four
YSZ unit cells. (b) Effects of strain on the different crystallographic directions of HTO through growth on (111)YSZ.
Figure S2: (a) AFM micrograph of a (111)YSZ substrate prior to deposition. (b) AFM micrograph of a 70 nm thin
film grown on the (111)YSZ substrate shown in (a). The indicated scale bar is 500 nm. (c) Reflectivity measurement
of (111) film. The red line is a fit, consistent with a film thickness of 70 nm.
The films were studied with x-ray diffraction (XRD) to determine crystalline quality, orientation, and thickness.
The thickness of each film was determined through the fitting of x-ray reflectivity curves (see Figure S2(c)). Fitting
was done utilizing the GenX x-ray reflectivity refinement program28. A reciprocal space map around the (226)
diffraction peak of Ho2Ti2O7 for a 56 nm and a 132 nm Ho2Ti2O7 thin film are shown in Figure S3. The 56 nm film
is almost completely strained, with the in-plane value of the scattering vector (q‖) matching that of the substrate.
Much relaxation can be observed in the 132 nm film, with a large portion of the Ho2Ti2O7 diffraction peak occurring
at different in-plane values for the scattering vector than that of the substrate.
Figure S4 shows selected area electron diffraction (SAED) patterns of a Ho2Ti2O7 film near the film-substrate
interface and of a region probing both the film and the substrate at the interface, when viewed from the [1-10] zonal
axis. We find bright and well resolved diffraction spots indicating the high quality of film growth. Figure S4(b) shows
the SAED pattern of both the film and substrate, displaying the coexistence of film and substrate peaks.
2Figure S3: (a) Reciprocal space map of the (226) diffraction peak of Ho2Ti2O7 for a 56 nm thick film grown on a
(111)YSZ substrate. (b) Reciprocal space map of the (226) diffraction peak of Ho2Ti2O7 for a 132 nm thick film
grown on a (111)YSZ substrate. The (113) diffraction peak of YSZ is marked by the intensity at the bottom of each
image.
Figure S4: (a) SAED pattern of a Ho2Ti2O7 film viewed from the [1-10] zonal axis near the film-substrate interface.
(b) SAED pattern of the Ho2Ti2O7 film and YSZ substrate viewed from the [1-10] zonal axis at the film-substrate
interface. YSZ peak labels and HTO peak labels are shown above and below the spots, respectively.
